We study random antiferromagnetic spin-1 chains with bilinear and biquadratic nearest-neighbor couplings. Using a strong-disorder renormalization-group method we map out and characterize the phase diagram of the system both analytically and numerically. We find two distinct random singlet phases exhibiting activated dynamical energy (Ω)/length (L) scaling relations ln Ω ∼ −L ψ . Besides a conventional "mesonic" random singlet phase in which ψ = 1 2 , we also find a "baryonic" one where ψ = 1 3 and the singlets are formed, in the great majority, by spin trios. In both phases we uncover an emergent SU(3) symmetry which dictates that susceptibilities and correlation functions of both spin and quadrupolar operators have the same asymptotic behavior.
We study random antiferromagnetic spin-1 chains with bilinear and biquadratic nearest-neighbor couplings. Using a strong-disorder renormalization-group method we map out and characterize the phase diagram of the system both analytically and numerically. We find two distinct random singlet phases exhibiting activated dynamical energy (Ω)/length (L) scaling relations ln Ω ∼ −L ψ . Besides a conventional "mesonic" random singlet phase in which ψ = 1 2 , we also find a "baryonic" one where ψ = 1 3 and the singlets are formed, in the great majority, by spin trios. In both phases we uncover an emergent SU(3) symmetry which dictates that susceptibilities and correlation functions of both spin and quadrupolar operators have the same asymptotic behavior. Introduction.-The interplay of quantum fluctuations and disorder leads to striking behavior in some lowdimensional systems. One paradigmatic example is the random antiferromagnetic (AFM) spin-1 2 Heisenberg chain [1] . Its low-temperature, long-distance behavior is characterized by, among other features: (a) an unconventional activated dynamical scaling between energy (Ω) and length (L) of excitations of the form ln Ω ∼ −L ψ , with a universal tunneling exponent ψ = 1 2 . This is in sharp contrast to the usual power-law dynamical scaling encountered in most critical systems (Ω ∼ L −z ); (b) a large discrepancy between the average and 'typical' behavior of some physical properties, such as the spin-spin correlations C ij = S i · S j , for which C av ij ∼ (−1) i−j |i − j| −φ , with φ = 2, and ln C typ ij ∼ − |i − j| ψ , respectively. The elucidation of this unusual behavior was possible after the introduction of the so-called strongdisorder renormalization group (SDRG) method [2] [3] [4] , which becomes specially efficient in the regime of strong disorder. It was shown that the above anomalous properties originate in the fact that the effective disorder at low energies grows without bound [1] and the system is governed by an infinite randomness fixed point (IRFP). Moreover, the ground state is characterized by a collection of strongly bound singlets formed between arbitrarily distant spins, a so-called random singlet phase (RSP) (for a review see, e.g., Ref. [5] ). This peculiar behavior is by no means confined to the above case. Several other random spin systems have been analyzed with the SDRG and found to behave in the same fashion [5] . In particular, strongly disordered spin-1 Heisenberg chains show similar features [6] [7] [8] [9] [10] [11] [12] . However, spin S > 1/2 SU(2)-invariant models exhibit richer physics when couplings beyond the bilinear Heisenberg exchange are considered. Besides condensed matter realizations, this may be specially relevant in cold-atom systems, in which the spin couplings, the dimensionality, and disorder can be controlled with considerable flexibility. In particular, the possibility of engineering spin-1 systems with both bilinear and biquadratic interactions has been proposed [13, 14] . The introduction of disorder in the the latter system leads, in some regimes, to ferromagnetic (FM) instabilities even if the clean system has only AFM couplings [15] . However, the full phase diagram of this system had not been determined, specially the non-FM phases. . Solid lines represent continuous transitions. The Haldane phase is characterized by a finite gap and topological order. In the red Griffiths region the gap vanishes but the topological order remains. At stronger disorder, there is a conventional "mesonic" random singlet phase (RSP) and an unconventional "baryonic" RSP. In the latter, the singlets are formed mostly out of spin trios. The insets depict schematically the corresponding random-singlet ground states. LS and FM stand for Large Spin and ferromagnetic phases.
In this Letter, we fill this gap and uncover some unexpected features of this system. We find two different RSPs governed by distinct IRFPs, with exponents ψ M = 1 2 and ψ B = 1 3 , respectively (see Fig. 1 ). The ground state of the former is a conventional RSP sim-ilar to the the spin-1 2 Heisenberg chain. In the latter, by contrast, random singlets are composed, in the great majority, by spin trios. Moreover, we have also found an emergent SU(3) symmetry in both phases which leads to correlation functions of quadrupolar operators that decay with the same exponents as the spin-spin correlations.
The model.-We consider the most general random one-dimensional spin-1 Hamiltonian with nearestneighbor couplings and global SU(2) symmetry
where J i and D i are independent random variables with unspecified generic distributions. It will prove useful to define an angle variable through tan θ i =
Di
Ji . The ground state phase diagram of the clean system has been extensively studied and shown to be quite rich (see, e.g., [16] , and references therein). There is a conventional FM phase when π 2 < θ < The SDRG steps.-We analyze the Hamiltonian in Eq. (1) in the regime of strong disorder using the SDRG technique (the weak disorder regime is discussed in the Supplemental Material [17] ). The idea is to obtain a description of the low-energy sector by gradually eliminating high-energy excitations of small clusters and finding the effective Hamiltonian of the remaining degrees of freedom. We define the i-th gap ∆ i as the energy difference between the ground and the first excited state of the pair of spins at sites i and i + 1. At each step, we look for the largest gap, say ∆ 2 = max (∆ i ) ≡ Ω, and use perturbation theory to find how the remaining degrees of freedom are coupled. It turns out that the renormalized Hamiltonian (1) retains its form, albeit with different spins and new couplings, as previously reported in [15] . It is useful to work with the combinations
The SDRG recursion relations are depicted in Fig. 2 . If the ground state of the spin pair S 2 and S 3 is a singlet (− 3π 4 < θ 2 < arctan 1 3 ), both spins are removed and the new effective couplings between spins S 1 and S 4 arẽ
Alternatively, if the ground state is a triplet (arctan
2 ), the pair should be replaced by a new effective spin 1 coupled to S 1 and S 4 with couplings (i = 1, 3)
Finally, if
4 , the ground state is a quintuplet, the spin pair can be replaced by an effective spin-2 degree of freedom and the effective couplings areK i = (2) and (3) allows us to immediately identify four fixed points of the SDRG flow at strong disorder. They are characterized by fixed angles θ i . We denote them by numbers, as follows (see Fig. 2 ).
(1) The fixed point (FP)
, is the disordered AFM Heisenberg chain, which was intensively studied [6] [7] [8] [9] [10] . For strong enough disorder, the flow is towards an IRFP (the relative width of the distribution of couplings grows without bounds) and the ground state is a conventional random singlet (RS) state.
(2) The FP K i = 0 with D i < 0 (θ i = arctan 2 with J i < 0), which corresponds to a flow similar to FP (1) since all decimations are of singlet-formation type (see Fig. 2 ) and lead to the same conventional RS state.
(3) The FP K i = 0 with D i , J i with both signs (θ i = arctan 2, with θ i in both first and third quadrants). This FP involves SDRG steps of both singlet-and tripletgenerating types (see Fig. 2 ). Note how Eq. (3) leads to a sign change of D i if the decimation is of the tripletgenerating type, which is why both signs of J i or D i must be considered. This FP behavior is characterized by equal fractions of positive and negativeD i 's (and hence equal fractions of singlet-and triplet-generating decimations), since this is the only situation that is preserved by the flow. Although the flow is towards an IRFP, the presence of both types of decimations leads to a state different from FPs (1) and (2) above. In fact, this SDRG flow is, up to irrelevant numerical prefactors, identical to that of generic SU(3)-symmetric chains discussed in [19] . We will come back to this point later.
(
, which is the disordered FM Heisenberg chain. As spins larger than 2 are generated in this case, the decimation procedure must be complemented by those of ref. [20] . This FM state is not the focus of this Letter and will be considered elsewhere [21] .
These four FPs are represented by solid red stars in the circumference of Fig. 2 . Although FP (3) actually encompasses both signs of D i , we chose to represent it by a star in the first quadrant. It is straightforward to show that the FPs (1-3) are linearly stable with respect to narrow distributions of angles θ i [21] (see also [17] ).
Since there are three stable FPs and at least one FM one, there must be at least four unstable ones. The strongest candidates are the four SU(3)-symmetric points . We thus conjecture that they are indeed unstable FM FPs and denote them by (5) and (6), respectively.
We now show that the other two, θ i = π 4 and θ i = − π 2 (or J i = 0 with D i < 0), are indeed FPs. As it will be important for the understanding of the full phase diagram, we will describe in detail the SU(3) symmetry of these points. The Hamiltonian at these points can be recast as [17]
where Λ a,i (a = 1, . . . , 8) are the generators of some irreducible representation (IR) of SU(3). When θ i = − π 2 , C i = |D i | /2 and the IR on odd sites is the fundamental ('quark') one, whereas it is the antifundamental ('antiquark') one on even sites. By referring to the complete SDRG treatment of AFM SU(N)-symmetric chains of reference [19] , we can see that the FP θ i = − π 2 is characterized by singlet formation only [6] . At each step a quark binds to an antiquark to form a singlet, a 'meson' in QCD language. Note that the alternation of quarks and antiquarks is preserved by this flow. It thus realizes the same kind of RS state of the FPs (1) and (2) above. We will, accordingly, dub it a mesonic RS state and number it (7) .
When θ i = π 4 , the IR is the quark one on every site and C i = J i /2. Decimation of a bond with (2) and (3). The SDRG flow for this FP, which we will number as (8) 
(again, this is the only situation preserved by the flow; see also [17] ). In SU(3) language, two original quarks first bind to form an effective antiquark triplet [19] [the effective spin 1 of the decimation step of Eq. (3)]. This antiquark can later bind to a third quark to form a singlet. Effectively, this singlet is formed out of three original quarks, just like a baryon is formed out of three valence quarks [22] . Note that the structure of this FP behavior is the same as the one at the FP (3) above, even though the couplings/angles are not the same. We call this a baryonic RS state. We have depicted these four unstable FPs as open stars in Fig. 2 We now describe the physical properties of the various phases. In the whole region − 3π 4 < θ < π 4 (the blue arc of Fig. 2 ), every decimation consists of the formation of ever widely separated singlet pairs (no trios) and the ground state is analogous to the RSP of the spin-1/2 AFM Heisenberg chain [1] . The flow is attracted by either of the two stable FPs (1) and (2). Since their structure is the same as the unstable SU(3)-symmetric FP (7), we describe this whole region as a mesonic RSP. The energy (Ω) and length (L) scales of excitations obey activated dynamical scaling ln Ω ∼ −L In the region π 4 < θ i < π 2 (the green arc of Fig. 2 ) the flow converges on the FP (3) and is characterized by the formation of baryonic-like spin trios (and also rarer sextets, etc.). In fact, both the stable FP (3) and the unstable SU(3)-symmetric one (8) have the property that the fractions of singlet-and triplet-generating decimations are equal. As a result, as shown in [19] , the low-energy physical properties of this baryonic RSP have the same generic forms as in the mesonic RSP, but with q = q B = 2π/3 and the important difference that the universal exponents change to ψ = ψ B = 1/3 and φ = φ B = 4/3.
We now address the case when the bare distribution of angles has a non-zero width σ θ . We have verified numerically that the phase diagram is still valid as long as all the initial angles lie inside the basin of attraction of the corresponding phase. However, whenever the initial angles lie in different phases, the flow is towards one of them. When initially the mesonic and the baryonic RSPs compete, the former absorbs the flow. When the FM phase competes with any of the others, the system flows to the so-called Large Spin phase [20] , as a consequence of the presence of both AFM and FM couplings. With this, we complete the topology of the phase diagram of Fig. 1 . A more quantitative phase diagram will be published elsewhere [21] .
Emergent SU(3) symmetry.-The fact that the SDRG flows in the mesonic and baryonic RSPs inherit the same structure of the SU(3)-symmetric FPs (7) and (8), respectively, also gives rise, at low energies, to an emergent SU(3) symmetry in these extended regions. This is simple to understand. The ground multiplets of the singlet-and triplet-generating decimation steps of Eqs. (2) and (3) are all θ-independent. Therefore, the ground states at the FPs (1), (2) and (7) are the same, and so are the ground states of FPs (3) and (8) . A direct consequence of this result is that average and typical correlation functions of all SU (3) Similarly, the low-temperature SU(3) susceptibilities of the RSPs can be written as [4, 19] 
where
L0 is the density of undecimated spin clusters at the scale Ω and χ 
Note that this emergent symmetry occurs even at the Heisenberg point (1), a feature previously unnoticed. We stress that although these various quantities are all governed by the same exponents, the numerical prefactors are not the same due to the initial inexactness of the SDRG procedure. A similar phenomenon is observed in disordered spin-1 2 XXZ chains, in which, despite the absence of global SU(2) symmetry, both longitudinal and transverse correlations and susceptibilities have the same exponents [1] .
Conclusions.-The quest for RS states with ψ = 1 2
is important for a complete classification of the various sorts of IRFPs. They have been found in multicritical points of AFM Heisenberg spin-S chains [23] , in SU(N)-symmetric chains [19] , and in SU(2) k -symmetric anyonic chains [24] . The baryonic RSP we have described here is, to the best of our knowledge, the first example of such a phase in an extended region of a random system with global SU(2) symmetry. The mechanism through which this arises, namely, the appearance of multiplets with enlarged symmetry locally favored by the strong disorder (singlets and triplets in the present case), ultimately leads to an emergent SU(3) symmetry. It is not unreasonable to conjecture that disordered SU (2) We first write out in detail the 8 generators of the SU(3) group in the defining (quark) representation in terms of the spin-1 operators. The Cartesian vector and symmetric rank-2 tensor operators, S µ and T µν = S µ S ν + S ν S µ (µ, ν = x, y, z), form a complete basis set of 9 elements spanning the space of 3 × 3 Hermitian matrices. The generators we seek are the complete set of 8 traceless Hermitian matrices. A convenient choice is
In terms of these generators, the linear Heisenberg term is obvious, whereas the bilinear term can be written as
The generic Hamiltonian for two adjacent sites in terms of θ (tan θ = D/J) is
The point θ = π 4 then becomes
whose SU (3) invariance is manifest. The other SU(3)-
In order to make the SU(3) invariance manifest in this case, we must first realize that the antiquark representation, the complex conjugate of the quark one, is obtained by applying the following operation to the generator matrices
We get (assuming the usual basis of eigenvectors of S z )
An equivalent representation to Eqs. (18)- (25) is obtained if we make a rotation of π around the y-axis: S x → −S x , S z → −S z . After these transformations, we find, denoting the antiquark representation by a tilde,
From Eqs. (16) and (26)- (27), we see that the θ = − π 2 point couples sites belonging to the quark and the antiquark representations
Note that the FM points θ = − 3π 4 and θ = π 2 also display global SU(3) invariance since
NUMERICAL RESULTS
We have implemented the full SDRG procedure described in the main text numerically in order to check our findings. We have first focused on initial Hamiltonians in which all bonds have the same θ i = θ 0 with − 3π 4 < θ 0 < π 2 , while J is uniformly distributed in the interval 0 ≤ J ≤ 1. The results were obtained for chain lengths of L 0 ∼ 10 6 spins, averaged over 20 realizations of disorder. We have verified that, although initially the θ distribution broadens, asymptotically all θ i tend to unique values.
In Fig. 1 , we show, for some representative cases, the average value of tan θ as the mean distance L between undecimated spin clusters is increased. The latter is given by L = In order to numerically determine the value of ψ in each of the RSPs of the phase diagram, we tracked the dependence of the cutoff energy scale Γ ≡ ln Ω0 Ω (where Ω 0 is the largest initial ∆ i ) on the average distance between undecimated spin clusters L. In Fig. 2(a) we show the results for several initial angles θ 0 . We have fitted our data to the form log 10 L = a + 1 ψ log 10 (1 + bΓ) ,
where a, b and 1 ψ are fitting parameters. As seen in Fig. 2(a) , it fits remarkably well the numerical data. For bΓ ≫ 1, we recover the more familiar activated dynamical scaling form L ∼ Γ 1 ψ . The numerically determined values of ψ can be seen in Fig. 2(b) as a function of θ 0 . There is good agreement with the predicted exponents of the mesonic (ψ M = 1 2 ) and baryonic (ψ B = 1 3 ) RSPs and a sharp jump at the border between them (θ 0 = π 4 ) can be clearly seen. The error bars were estimated from the uncertainty in the range over which Eq. 31 is valid.
